Abstract
Introduction

30!
Signaling systems represent a basic form for inter-and intraspecific communication.
31!
Signals are an evolved means of actively conveying information and influencing the 32! behavior of receivers. In contrast, cues are passive, non-evolving biological and 33! environmental traits that inherently provide the observer with information. Organisms 34! have evolved to use both signals and cues to inform their behavior. One of the most 35! ! ! mimic. To control for subpopulation size effects, and because predators could not act as a 136! top-down control on the poison prey class, classes were assigned at birth such that 50% 137! were poisonous, 25% were safe, and the remaining 25% were potential mimics. The 138! designated class was a part of the prey's phenotype visible to other organisms. Each 139! morph class foraged for separate environmental resources. 140! 'Non-poisonous' prey organisms directly transferred their gathered resources to predators 141! when consumed. The 'poison' prey organisms, upon consumption, reduced a predator's 142! gathered resources by a factor (i.e. 'poison level', see below) of what that prey had 143! previously gathered. The 'mimic' prey provided the same resource benefit as 'non-144! poisonous' prey when consumed by a predator. However, mimic prey were unique in 145! that, if it had mutated into their genome, they could execute an instruction that allowed 146! them to change their visible phenotype to that of a different prey class. This instruction 147! had no effect on organisms not in the mimic class. Displayed and visible classes provided 148! a cue for predators, and an evolutionary opportunity for them to evolve abilities for 149! recognizing and avoiding poisonous prey. If these behaviors evolved, mimics would then 150! be able to further evolve to manipulate that cue, avoiding predation by providing the 151! predators with a false signal.
152!
Predators were classified as such as soon as they made their first kill. The prey class 153! preference of each predator was determined by a specific instruction sequence defining 154! the 'attack organism operation' (see Table 1 ). The default sequence, constituting a single 155! attack instruction, performed a 'generalist' attack, targeting any prey organism in the cell 156! in front of the predator, regardless of the prey's displayed signal. Three additional attack 157! ! ! options consisted of an attack instruction followed by one of eight modifying instructions 158! distributed across three classes such that three specified a safe prey attack, three mapped 159! to mimic prey type attack, and two mapped to a poisonous prey attack. If the victim's 160! displayed class did not match the specified attack type (i.e. predator preference), the 161! attack would fail. As a result, a predator's prey preference was explicitly heritable, 162! though multiple preferences could be expressed if multiple attack instruction sequences 163! existed within the predator's genome. Under most treatments, when a predator attacked a 164! mimic, in order to make a kill, the predator's expressed prey preference had to match the 165! mimic's displayed class (i.e. what it mimicked), not its true class. Select treatments, as 166! noted in the results, further altered the fidelity of the apparent prey phenotype such that 167! predators perceived the true class, instead of the displayed class, with the specified 168! probability.
169!
All experiments were started with the introduction of one prey organism from each class. 170! Each organism's genome was 100 instructions long, and each of these ancestors simply 171! moved randomly through the Avida landscape, attempting to consume sufficient 172! resources to reproduce. Genetic mutation rates applied to offspring genomes were a 0.25 173! probability of a single instruction substitution, and a 0.05 probability each that a single 174! instruction would be inserted or deleted. Assignment of offspring to prey classes ensured 175! that half of all prey born were safe for predators to eat, and that the cue from the 176! poisonous prey outnumbered any signaling by the mimics. Importantly, this does not 177! mean heeding the cue was always advantageous: the reward for eating a signaling mimic 178! may have outweighed the penalty for eating a poisonous prey. Furthermore, as we 179! controlled only birth ratios, it was possible for the number of mimics in a given 180! ! ! population to outnumber the poisonous prey. In such cases, if enough mimics 181! successfully signaled that they were poisonous, it could be advantageous for a predator to 182! ignore the signal and feed on the excess mimics. Assigning classes in this way also 183! helped stabilize the system, preventing the extinction of any one prey class.
184!
Because predators could not act as a top-down control on the poisonous prey class, we 185! limited the number of prey in each class to 1,000 organisms and imposed the following 186! method of class-specific population size limitations. Whenever an organism was born, it 187! was assigned to a prey class. If the inclusion of the newly born organism would increase 188! the number of prey in that class beyond the prey type cap, a random existing individual 189! from that class was removed from the population. This method follows the same logic 190! used in Avida by default in which population sizes are limited by physical space 191! constraints, except that we applied independent limits to each class, instead of to the 192! population as a whole. We set resource inflow levels sufficiently high to ensure that they 193! did not directly limit prey population levels. Consequently, cases in which a prey class 194! population was substantially less than 1,000 specifically indicated that the class was top- 
Results
213!
We tested for levels of toxicity necessary for the evolutionary emergence of signal 214! recognition from a cue by predators and dishonest signaling by prey mimics. We also 215! tested the level of mimic accuracy required to support a successful mimic population. 216!
217! Predator Recognition of a Cue 218!
We assessed the conditions under which predators evolved to preferentially avoid 219! consuming poisonous prey using a logistic regression model that related predation levels 220! to the eight levels of toxicity of the poisonous prey ( populations in which poison prey were not under predation pressure, the model predicts 228! the probability that predators will evolve to preferentially avoid consuming poisonous 229! prey at a given a poison efficacy level (Figure 1 ). At poison levels below 0.1 the selective 230! pressure to avoid such prey is weak, resulting in a low probability that predators evolved 231! selective predation habits. However, when the efficacy of the poisonous prey is at or 232! above 0.1, predator populations nearly universally evolve to avoid predating poisonous 233! prey. To illustrate the potential realized cost of consuming a poisonous prey, a poison 234! level of 0.1 would cause a 10% reduction in the resources available for an attacking 235! predator to satisfy the threshold for reproduction (10 units). As such, in order to 236! compensate for 10% 'energetic' loss, if a predator had previously stored 9 units, it would 237! now have to consume two young prey that each had consumed 1 unit of environmental 238! resource, or one better-fed prey that had consumed 2 units. On the other hand, had that 239! same predator killed a non-poisonous species, it could reproduce immediately. 240!
241!
Selective Targeting of Prey Types 242!
For all tested poison levels, the three prey classes rapidly grew toward the population cap 243! until predators began exerting top-down controlling pressure (Figure 2) . At low poison 244! levels (Figures 2a and 2b ), mimic and safe prey subpopulation sizes remained relatively 245! comparable and constant throughout evolution, suggesting that predators were consuming 246! prey in proportion to their availability and not distinguishing between poisonous and non-247! poisonous phenotypes. However, at higher poison levels (Figures 2c and 2d) , the 248! poisonous prey subpopulations converged to the maximum sub-population size, 249! ! ! indicating that they were no longer under top-down predation control and that predators 250! had evolved selective targeting of non-poisonous prey. At the same time, realized 251! predator population sizes were higher in high poison efficacy trials. This indicates that 252! predators could have benefited from evolving skills for discriminating prey at low poison 253! levels. However, at these levels, the selection pressures were not (apparently) strong 254! enough for predator populations to realize this potential in the allotted evolutionary time. that a higher proportion of prey in the mimicry class had evolved to appear poisonous, 287! even though mimicry was highly imperfect. Values above 1.0 indicate that at high poison 288! levels a lower proportion of perfect mimics mimicked the poison model than did so under 289! imperfect mimicry conditions. We suggest that may have arisen because, under perfect 290! mimicry, predators should specialize only on the non-poisonous prey class due to the 291! high cost of misidentifying the poisonous model as a mimic. This reduces selection 292! pressures for mimics to mimic the poisonous phenotype. However, when mimicry is 293! imperfect, the edible population of mimic prey remains more numerous and may 294! therefore sustain predators specializing on the mimic class. Under such conditions, 295! ! ! selection will more strongly favor mimics that avoid these specialists by mimicking the 296! poison model.
297!
Discussion
298!
We have demonstrated that adequate toxicity is required for aposematic cue recognition 299! to evolve and inform predatory behavior. At low poison levels, predators distinguished 300! between prey types in only 3 of 26 trials. However, at higher poison efficacy levels, 301! predator recognition and selection of prey types increased, with the behavior fixing in all 302! trial populations for poison levels at and above 0.4. This agrees with previous findings 303! that predator learning is enhanced by highly distasteful prey [21] . At the same time, 304! selective pressures on prey were strong enough to promote the evolution of dishonest 305! signaling through mimicry of the aposematic signal (Figure 3 ). Mimics and dishonest 306! signaling did not cause predators to ignore the aposematic cue (Figures 2) . Instead, at the 307! given prey type 'immigration' rates used here, mimics evolved to deceptively signal that 308! they were poisonous without significantly destabilizing predator cue recognition ( Figure  309! 3). Additionally, once predators began to cue in on and respond to prey signals, at higher 310! poison-prey toxicity levels, higher proportions of mimics signaling that they were 311! poisonous, leading to an increase in mimic survival relative to safe prey (Figure 2) . 312! Despite being capable of mimicking poisonous species, mimics did not universally 313! evolve to employ this strategy. Instead, as has often been observed in nature and is 314! predicted in mathematical models [20, 55, 56] , the ratio of expressed mimic signals 315! appears to reach equilibrium. This occurred at all poison levels, suggesting that the 316! toxicity of the model can only provide protection to a certain number of mimics and that 317! this level of protection is governed by negative frequency dependence. Any non-318! ! ! poisonous species that becomes highly abundant will experience increased selection 319! pressure, eventually driving it into rarity while other prey species populations increase, 320! causing an increase in predation on that species and ultimately leading to stable signaling 321! ratios, as are apparent in Figure 3 . . At the same time, our findings of predator generalization and the 336! evolution of imperfect mimicry contrast with the assertion that mimicry must evolve in a 337! two-step process that starts with feature saltation [37, 59] . Such feature saltation would 338! allow a species to jump the adaptive valley between crypsis and mimicry, and then 339! gradually evolve toward the adaptive peak defined by the model's appearance [33, 59] .
340!
Our results suggest that this two-step process is not a necessary mechanism for the 341! organisms in each population that were mimicking poisonous prey under low accuracy 537! mimicry conditions (25%) to the mean proportion mimicking poisonous prey when 538! ! ! mimicry was perfect (100% accuracy). The observed ratios greater than 1.0 indicate that 539! selection to mimic poisonous prey was even greater at higher poison levels when 540! mimicry was imperfect than it was when mimicry was perfect because increased toxicity 541! supports imperfect mimicry. At low poison levels, a lower proportion of organisms in the 542! mimic class mimic poison prey when mimicry is imperfect. CI's given are 95% 543! bootstrapped confidence intervals. Bootstrapping was performed by repeatedly 544! calculating the ratio from sampled subsets of the source populations (i.e. 25% and 100% 545! accuracy populations) at 500,000 updates. 
